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Evanescent Field Absorption Sensing Using Sapphire Fibers
Michael Grossman
ABSTRACT
This thesis explores the application of coiled sapphire multimode optical fibers for
evanescent wave chemical sensing in both the visible spectrum and the near infrared.
As has been suggested in the literature pertaining to silica fibers, bending converts
low-order modes to high order ones, which leads to more evanescent absorption and
thus a more sensitive chemical detector. By coiling the fiber many times, it was
expected that even greater sensitivity would be attained.
Experiments were performed to investigate the sensor response to different solu-
tions and to characterize this response. In the first of three experiments, the large
absorption peak of water at 3µm was examined in order to compare the sensitivity of
a straight fiber versus a coiled one. In the second experiment, the effect of increasing
the number of coils was investigated, as was the response of the sensor to varying
concentrations of water in heavy water. In the third experiment, methylene blue dye
was used to investigate the extent of adsorption of dye molecules on the sapphire
fiber and its persistence.
v
CHAPTER 1
INTRODUCTION
Guiding light by means of internal reflection was first demonstrated in the 1840s
by the Physicists Daniel Collodon and Jacques Babinet by shining light up from the
bottom of a fountain and observing the light to be guided within the curving jet of
water1.[1] The English Physicist John Tyndall, in a more well-known demonstration
first performed in 1854, showed that it was possible to guide light by shining sunlight
into a stream of water pouring from a tank. When viewed from the side, the light
was observed to follow the curved path of the falling water.[2] It did not take long for
other scientists to forsee applications for guided light. In 1880, William Wheelding
patented a method of guiding light to illuminate homes using mirrored pipes, which
he rather aptly called ”light pipes.” Unfortunately for Wheelding, his invention was
obscured by Edison’s invention of the incandescent light bulb.[2] It was not until the
latter half of the twentieth century and the invention of lasers that the application
of fiber optics2 as communication and sensing devices was realized.[3]
Optical fibers are dielectric waveguides made usually of fused silica, plastic, or,
in the case of these experiments, sapphire(Al2O3). Although primarily developed
for communications, optical fibers have also been used in a wide variety of non-
communications applications. These sensing applications can be divided into two
broad categories: intrinsic and extrinsic fiber optic sensors.[4] An intrinsic sensor is
1This phenomenon can still be easily observed in person by anyone driving past many posh
suburban neighborhoods after dark.
2The term ”fiber optics” was coined by Dr. Narinder Singh Kapany, the ”Father of Fiber
Optics,” in 1956.[2]
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one in which the interaction between the guided light and the quantity to be measured
occurs inside the fiber itself. An extrinsic sensor is one in which the interaction takes
place outside the fiber.
Some examples of intrinsic fiber optic sensors include fiber optic acoustic sensors
which are used as hydrophones in passive sonar systems and fiber optic gyroscopes
for inertial navigation systems. The former senses sound waves because sound waves
incident upon the fiber cause it to deform, causing a phase shift in the light. The
latter sensor exploits the Sagnac Effect to measure rotations. (When two light pulses
traverse a circular, rotating loop in opposite directions, they will interfere because
the pulse going along with the loop has to go farther than the pulse moving against
the loop’s rotation.) Extrinsic optical fiber sensors have been used to measure diverse
physical phemomena such as humidity, temperature, and pressure.[5][6] As will be
discussed below, a fiber optic chemical sensor is an extrinsic chemical sensor. Sap-
phire is a desirable material for fiber optic chemical sensing due to its significantly
higher melting point than silica, allowing the sapphire chemical/temperature/pres-
sure sensor to operate at higher temperatures than the silica fiber.
Inside an optical fiber, light rays that strike the core-cladding interface at angles
greater than the critical angle are totally internally reflected. Associated with each
totally internally reflected ray at an allowed angle is a mode. The ray represents the
normal to the wavefront. As the electromagnetic wave propagates along the fiber,
there is a phase shift of 180 degrees at each reflection. If the wave reproduces itself
after two reflections, it is called an eigenmode, or just a mode of the waveguide.[7]
This condition is called self-consistency.[3] Fig. 1.1 depicts a ray of wavelength λ
propagating along a fiber of diameter d. The unreflected, original wave must be in
phase with the reflected wave; since B¯C is a wavefront, the two waves must have a
phase difference that is an integer multiple of 2pi. (Each reflection causes a phase
2
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Figure 1.1. Self-consistency: the twice-reflected wave reproduces the original.
shift of pi.)
2pi
A¯C
λ
− 2pi − 2pi A¯B
λ
= 2piq (1.1)
where q = 0, 1, 2... Since
A¯C − A¯B = 2d sin θ¯ (1.2)
and
2pi
(2d sin θ¯)
λ
= 2pi(q + 1) (1.3)
we can write (q + 1) = m and
sin θ¯m = m
λ
2d
, m = 1, 2, 3... (1.4)
where θ¯m is the reflection angle and m indicates the m
th mode. The reflection angle
increases with mode number.
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Length L
Low−order mode
High−order mode
Figure 1.2. A high-order mode makes more reflections per unit length.
A low-order mode (small m) strikes the core-cladding interface at a large angle
as measured from the normal to the interface, while a high-order mode (large m)
strikes the interface closer to the critical angle (Fig. 1.2). At each reflection, an
exponentially diminishing, evanescent wave penetrates into the cladding. It is this
evanescent field that is the basis of fiber-optic chemical sensing.
Attenuated total reflection (ATR) spectroscopy by means of fiber-optic evanes-
cent field absorption sensors has a wide range of chemical sensing applications in
industry and in science.[8][9] Typically, such a sensor exploits the interaction be-
tween the exponentially decaying electromagnetic field of the guided wave and a
fluid surrounding the unclad fiber. By measuring the transmitted power through the
fiber, it is possible to determine the chemical composition of the surrounding fluid.
The penetration depth, dp, is defined as the distance from the core-cladding(fluid)
interface at which the evanescent field drops by a factor of e from its value at the
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interface.[10]
dp =
λ
2pi
√
n21 sin
2 θ − sin2 θc
(1.5)
where λ is the free-space wavelength,n1 is the core index and θ is the angle of incidence
at the core-fluid interface measured from the normal to the interface, and θc is the
critical angle. Inspection of equation 1.5 shows that the greatest penetration depth,
and thus the most evanescent absorption, occurs for incidence angles near the critical
angle. In other words, it is the high-order modes which penetrate farthest into
the surrounding fluid and are most strongly attenuated that make it possible for
an optical fiber to be a chemical sensor. Low-order modes, striking the core-fluid
interface at shallower angles, do not penetrate as deeply and bounce fewer times as
they are internally reflected along a given length of the fiber.
Unfortunately, in the case a sapphire fiber sensor, which has a core index of re-
fraction of approximately 1.7, immersed in a fluid of index 1.3-1.4, rays with angles
of incidence close to the critical angle are incompatible with low-loss propagation.
While this low sensitivity compared to bulk-absorption methods can be exploited,
e.g., insensitivity to scattering by suspended particles in the analyte fluid, it is de-
sirable to increase the sensitivity of the fiber.[9] Several approaches to increase sen-
sitivity have been reported in the literature: tapering the sensing region, selective
ray launching, and bending.[10][11][12]
The experiments carried out in this research aimed to further increase sensitivity,
by not merely bending the fiber, but coiling it into many compact (R ≈ 0.5cm) loops.
It has been demonstrated experimentally using silica fibers that coiling results in
conversion from low to high order modes.[13] Since sensitivity is directly proportional
to length, there will be an improvement in sensitivity both due to bending and from
having a longer sensing region.[11] Coiling many loops also results in a much more
5
spatially compact probe than can be obtained with a straight fiber. In addition,
due to mode scrambling from irregularities in the sapphire fiber, it is possible that
high-order modes will be created as the light propagates toward the sensing region.
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CHAPTER 2
THEORY AND NUMERICAL CALCULATIONS
2.1 The Beer-Lambert Law and Estimate of Evanescent Absorption
The Beer-Lambert Law describes the attenuation of a beam of light as it passes
through an absorbing medium of length l.
I1 = I0 exp (−αl) (2.1)
where I0 and I1 are the incident and attenuated intensities, and the bulk absorption
coefficient α is given by
α =
c
log10e
(2.2)
in which  is the molar absorptivity and c is the molar concentration.
When applying Beer’s Law to an unclad length l of fiber exposed to an absorbing
fluid, the symbol γ will be used in place of α and be referred to as the evanescent
absorption coefficient of the fluid. It has been shown that γ depends on the angle of
incidence θ of the ray as measured from the normal to the core-cladding interface.[14]
γ(θ) =
αλn2 cos θ cot θ
2piρn21 cos
2 θc
√
cos2 θc − cos2 θ sin2 θφ
(2.3)
where λ is the wavelength, ρ is the fiber radius, n1 is the core index, θc is the critical
angle, α is the bulk absorption coefficient, n2 is the index of the analyte, and θφ is
the skewness angle. If θ is held fixed, γ(θ) is maximum for skewness angle equal to
7
pi2
, which corresponds to meridional rays. Thus, only a two-dimensional analysis of
meridional rays will be attempted. It has been shown that the evanescent absorption
Figure 2.1. Evanescent Absorption vs. Refractive Index for a bent fiber in water.
Normalized to a long, straight 75µm fiber with ncl = 1.3i and nc = 1.7.
coefficient of a bent fiber of radius ρ (see figure 2.2) is, as a function of the analyte
fluid index n2:[10]
γ(n2) = K
∫ 2ρ
0
∫ φ2
φ1
cos3 θ dθ dh
(1− n2c cos2 θ)2
√
(nc/n2)2 sin
2 θ − 1∫ 2ρ
0
∫ φ2
φ1
sin θ cos θ dθ dh
(1− n2c cos2 θ)2
+
K
∫ 2ρ
0
∫ δ2
δ1
cos3 θ dθ dh
(1− n2c cos2 θ)2
√
(nc/n2)2 sin
2 θ − 1∫ 2ρ
0
∫ δ2
δ1
sin θ cos θ dθ dh
(1− n2c cos2 θ)2
(2.4)
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δ
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straight fiber in air bent fiber in fluid
Figure 2.2. U-shaped region considered in equation 2.4
where
K =
αλnc
4piρ(n2c − n2cl)
(2.5)
and
φ1 = arcsin
(R + h)ncl
(R + 2ρ)nc
and φ2 = arcsin
R + h
R + 2ρ
(2.6)
δ1 = arcsin
(R + h)ncl
Rnc
and δ2 =
pi
2
(2.7)
In these equations, ρ is the fiber radius, R is the radius of the bend, nc is the refractive
index of the fiber core, and ncl is the cladding index. In figure 2.1 above, equation
2.4 was numerically integrated using Mathematica. nc was 1.72, and the results for
0.5cm and straight fibers of radii 50 and 75 microns are plotted in figure 2.1. γ0eff is
the evanescent absorption coefficient for a straight sapphire (n = 1.7) fiber of radius
75 microns with water (n = 1.3) as the surrounding fluid. N. B. the intersection of
9
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Figure 2.3. Angles Used In Determining The Effective Cladding Index Of Sapphire
Fiber In Air
the lowest curve with the vertical axis at (1, 1.3) in Fig. 2.1; all of the curves are
divided by this number.
In the case of a sapphire fiber in air, the minimum incidence angle for a guided
ray is not given by arcsin 1
nc
. Instead, it is determined by the launch condition.
Applying Snell’s Law for a ray incident at the fiber with angle α in figure 2.3, gives
sin α = nc sin θ¯ (2.8)
Using Snell’s Law again for a ray striking the core-cladding interface gives the effec-
tive cladding index,
neffcl = nc sin (arccos (sin
α
nc
)) (2.9)
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In the numerical integration, the angle of incidence of the rays was generously esti-
mated to be no greater than 30 degrees from the fiber axis. The resulting effective
cladding index was used for ncl in the integration of equation 2.4 above.
The sensitivity increases with decreasing bend radius and fiber radius. The in-
verse dependence on the fiber radius makes intuitive sense because decreasing the
perpendicular distance between the fiber walls results in more bounces per unit length
of fiber, i.e. more opportunities for evanescent waves to interact with the analyte
fluid.[9] From figure 2.4, where all other parameters are held constant and only the
bend radius is varied, it is evident that reducing the bend radius can significantly
enhance sensitivity.
Figure 2.4. Effect of Bend Radius on Sensitivity (ρ = 75µm)
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2.2 Deviation from Beer’s Law
It has been pointed out that the Beer-Lambert Law overestimates fiber ab-
sorbance (log Pout
Pin
) and a more accurate description which takes into account the
varying amounts of evanescent absorption suffered by different modes has been
developed.[15] Thus, the total power is not divided evenly among the modes. An es-
timate of the attenuation along the fiber is made by taking into account the different
fractions of the total power in each mode and summing over all modes. The fraction
of power in the cladding for the νth mode, ην, is given by [16]:
ην =
ν
N
√
2N − 2ν (2.10)
where N is the total number of modes. The attenuation of the νth mode after a
distance l is[14]:
exp (−αηνl) (2.11)
where α is given by Eq. 2.2. The power out of the fiber is given by:
Pout =
Pin
N
N∑
ν=1
exp (−αην l) (2.12)
For a multimode fiber, N is large so the sum can be written as an integral:
Pout =
Pin
N
∫ N
1
exp (−αηνl) dν (2.13)
The integration above can be simplified by the substitution suggested in Eq. 12 of
reference [15].
x =
ν
2
√
N(N − ν) (2.14)
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Figure 2.5. Fiber absorbance as predicted by Payne & Hale[15] and according to
Beer’s Law
Setting the lower limit of integration to zero and the upper limit to infinity, the
attenuation along the fiber can be written:
Pout
Pin
≡ f(g) = 2
∫
∞
0
(2
√
1 + x2 − 1√
1 + x2
− 2x) exp (−gx) dx (2.15)
where
g =
2cl
V log10 e
(2.16)
and l is the length of the sensing region, V is fiber optic v-parameter ( 2piρ(NA)
λ
) and
c is the molar concentration. Equation 2.15 was integrated numerically using Maple
and the result is shown in Fig. 2.5 along with the exponential attenuation according
to Beer’s Law.
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CHAPTER 3
EXPERIMENTAL METHODS
This chapter describes in some detail how the experiments were set up and in-
terfaced with computers. See the appendix for the programming details of commu-
nicating with the SR510 Lock-In Amplifier.
3.1 Near IR Experiment: absorption of water near 3µm
Chopper
Lens
Collimating
Focusing
Lens
IR Source
fiber
coiled
SR510 Lock−Inmonochromator
Lens
1:1 Focusing PCInSb
IR Detector
serial
Figure 3.1. Schematic block-diagram of 3µm absorption experiment
The purpose of this experiment was to determine how much more sensitive a coiled
fiber was than a straight fiber by measuring the evanescent absorption coefficient of
water at wavelengths from 2.5 to 3.3µm. The fiber was approximately 50cm long,
with a radius of 75µm and an input taper of 150µm. An infrared source was chopped
at 150Hz, collimated with a planoconvex lens, and focused into a monochromator1
1Oreil model #77250 SN 142. For calibration and other details, see Appendix D
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using a biconvex lens of focal length 2.54cm. From the output slit of the monochro-
mator, the light was 1:1 focused (di = do = 2f) onto the tapered end of the fiber
using a one-inch focal length biconvex lens. (All lenses used were made of Calcium
Fluoride, to avoid infrared absorption in the lens material.)
The output end of the fiber was mounted on a 3D translation stage directly in
front of a cryogenically-cooled InSb Detector and carefully positioned in front of the
1mm diameter detector face. Care was taken while filling the detector with liquid
nitrogen to avoid splashing the sides of the detector; a mere few microns of condensed
water vapor on the detector window will result in significant absorption. No lens was
used to focus the light emanating from the end of the fiber onto the detector; after
much trial and error it was determined that one-to-one focusing failed to increase
the amount of light incident on the detector face. The InSb detector was connected
to a preamplifier and then a Stanford Research model 510 lock-in amplifier which
was connected to a PC via a serial port. The output voltage of the InSb detector
was sampled at a rate of approximately 5Hz. (See Appendix C for details about the
interfacing. Surprisingly, the documentation for SR510 was helpful in writing the
programs.)
Before positioning the tapered end of the fiber, an indium antimonide infrared
detector and iris were used to find the focus. Once the focus was found, the tapered
end of the fiber was mounted to a 3D translation stage using a bent paperclip padded
with duct tape. The tapered end of the fiber was then slowly scanned across the
narrowed iris to maximize the light coupled into the fiber.
The fiber was coiled around a 1cm-radius nylon spool which had been trimmed
to minimize contact between nylon and fiber. Several loops of string held the fiber in
place. It was only possible to coil the 75µm fiber in loops of radius 1cm. Attempts
to bend the fiber more tightly broke the fiber. The trimmed spool was placed in
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a shallow pyrex dish which was filled with deionized water. The length of straight
fiber exposed to the fluid was approximately equal to the length of coiled fiber (2pi×
1cm× 2 = 12.6cm).
2cm
Figure 3.2. Nylon spool, trimmed along dotted lines
At both ends of the fiber were placed black 5” by 7” notecards with small pinholes
just large enough to admit the fiber to minimize the amount of stray light from the
source that reached the detector. In addition, the entire experiment was covered with
a heavy, black tarp while the data were being collected. The tarp was used to prevent
stray IR sources such as humans and hot cups of tea from disturbing the experiment
and to keep air currents from the air conditioning system from disturbing the fiber
ends. The same precautions were taken in the heavy water experiment described in
the next section.
Data were collected using a home-made program that sampled the output voltage
of the lock-in amplifier at approximately 5Hz and then recorded it, along with the
elapsed time, in a plain ASCII file. Using the monochromator calibration curve,
the wavelength was calculated. Gnuplot was used to make all of the graphs and to
manipulate the data.
Care was taken to make sure that the InSb Detector did not drift during the course
of both infrared experiments due to the long time, approximately 1 hour, required
for the monochromator to scan from 1.5 to 3.5 microns. Before each spectrum was
16
recorded, the magnitude of the zeroth-order peak and the emission peak close to
2.6 microns were recorded by manually cranking the monochromator dial. After the
monochromator had finished scanning, the zeroth-order and ≈ 2.6µm peaks were
remeasured. The experiment was repeated in the event the values did not match.
3.2 Absorption of H2O in D2O
The purpose of this experiment was to investigate the response of a coiled fiber
sensor to changes in the solute concentration and the effect of the number of loops on
sensitivity. The H2O in D2O mixture was chosen to avoid the problem of screening
due to adsorption that was present in the Methylene Blue experiment described
below. Also convenient is the fact that D2O does not absorb at 1.9 microns while
water does so, but much more weakly than at 3 microns. Thus, the problem of too
much absorption leading to weak transmission may be avoided.
The experimental setup was very nearly the same as in figure 3.1, except that
a magnetic stirrer was placed under a 50mL beaker to ensure adequate mixing of
D2O with the water. The spool holding the fiber was mounted as in figure 3.5. The
beaker was covered with clear plastic wrap to minimize evaporation.
Two, four, six, and eight loops of 60µm sapphire fiber of radius 0.5cm were used
to obtain the absorption spectra displayed in figure 4.8. A micropipet was used to
add small quantities of deionized water to 50mL of heavy water. An absorption
spectrum near the 1.9 µm overtone band of H2O was recorded at each concentration
of deionized water.
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3.3 Methylene Blue Dye Adsorption
The purpose of this experiment was to assess the extent of adsorption of Methy-
lene Blue2, a common absorption standard, on sapphire fibers. It has been reported
in the literature that there is deviation from linearity of absorption when silica fibers
were used due to adsorption of the dye to the fiber.[10] In addition, the persistence
of adsorption was also investigated. A length of sapphire fiber measuring 8cm was
0.25" hole
cuvette
Pinhole to admit fiber
Figure 3.3. Nylon block and cuvette
placed in a glass cuvette of volume approximately 5 mL. Custom-made, press-fitted
nylon blocks were used to allow the flow of fluid through the cuvette and admit
the fiber. The fiber was held in place by wax. The cuvette was mounted with its
23,7-bis(Dimethylamino)-phenazathionium chloride Tetramethylthionine chloride, CAS#61-73-
4, chemical formula C16H18n3ClS
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HeNe Laser 
Cuvette
drain
25.5cm
Converging Lens
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Meter
Optical Power
Newport 835
Analog Out
BNC cable
Radio Shack
Multimeter
model: 22−812
9−pin
Serial Cable
Meterview Software
PC Running
8cm fiber
in cuvette
reservoir
Figure 3.4. Schematic Block Diagram of Methylene Blue Dye Experiment
long axis vertical, to prevent bubbles from becoming trapped. The photodetector
was mounted very close, less than 1cm, from the end of the fiber. (The end of the
fiber protruded only about 5mm from the nylon block.) It is essential to minimize
the length of fiber between the sensing region and the detector; due to the mode
scrambling caused by imperfections in the fiber, the high order modes which have
interacted with the sample are scattered below the critical angle and out of the fiber
after only 10-20cm. Excess straight fiber after the sensing region actually diminishes
the sensitivity. The input end of the fiber was held in place using clip fashioned from
a paper-clip and padded with duct tape to avoid breaking the fiber at the point of
contact. A biconcave lens was placed in front of the helium-neon laser in order to
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spread the beam to better fill the biconvex lens which focused the beam into the
tapered end of the fiber. Rather than move the laser or the input end of the fiber,
the biconvex lens was mounted on a movable stage to make small adjustments.
The Newport 835 Optical power meter does not have any straightforward way
to interface with a PC; it was designed to work with a chart recorder. However,
the voltage output can be measured with a digital multimeter (Radio Shack model
22-812) which is easily connected to a PC. Using a serial cable and the software that
came with the meter, it was possible to sample the output of the power meter at a
maximum frequency of 1Hz.
To obtain varying concentrations of methylene blue, anhydrous powdered methy-
lene blue was mixed with deionized water to produce 500mL of 500µM solution.
This solution was then diluted to concentrations 5µM to 350µM in roughly 50mL
portions.
The data were collected by filling the cuvette with deionized water, using the
reservoir to introduce the dye into the cuvette, and then flushing out the cuvette
with filtered tap water. During each run, MeterView recorded the intensity each
second, producing a plot of transmitted signal vs. time. Collecting this data was
extremely time-consuming because the fiber had to be removed from the cuvette
every two to three runs for cleaning. To eliminate any possibility of adsorption, the
fiber was cleaned by being placed in an acetone bath in an ultrasonic cleaner for 30
minutes.
In order to investigate how coiling the fiber affects the relationship between the
evanescent absorption coefficient and concentration, it was necessary to change the
design of the experiment. Instead of sealing the fiber in a cuvette, it was coiled
onto a 1cm diameter nylon spool, and immersed in a shallow 200mL pyrex dish
containing the dye solution. The dish, rather than the fiber, was moved up and
20
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Figure 3.5. Measurement of Methylene Blue Evanescent Absorption with coiled fiber
down to immerse the fiber by being placed on a lab jack. (See Fig. 3.5.) The
evanescent absorption coefficient was determined by the ratio of the power measured
with the fiber immersed in deionized water to the power measured with the fiber
immersed in dye solution. Five trials were performed at each dye concentration.
In addition, the theoretical expression developed in Eq. 13 of Payne and Hale[15]
was compared to experimental measurements of the attenuation. To do this, the
effective numerical aperture of the lens, n sin θ, had to be determined. (Since the
numerical aperture of the lens is much smaller than that of the fiber, it limits the
number of modes that can be excited.) The spot size of the laser beam was measured
using a card with a pinhole blocking the face of the detector. The spot was measured
from the center to where the power drops by a factor of e2. From figure 3.6:
θ = arctan (0.38/2.54) = 8.5◦ (3.1)
N.A. = (1) sin 8.5◦ = 0.15 (3.2)
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2.54cm
0.76cm θ
Figure 3.6. Measuring the numerical aperture of a lens
V =
2piρ
λ
N.A. =
2pi100µm
632.8nm
0.15 = 147 (3.3)
From the numerical aperture, the V-number 2piρN.A.
λ
was obtained. In addition, the
molar absorption coefficient  of methylene blue dye was determined using a HeNe
laser and a cuvette. The 100 µm used above is the radius at the tapered, input end
of the fiber; the fiber radius tapers off to 75µm after a short distance.
Pout/Pin was measured for a straight 75µm fiber with dye concentration ranging
from 5µM to 200µM. Pout means the power measured at the end of the fiber when
the fiber is exposed to the solute. Pin is the power measured at the end of the fiber
with no solute; the fiber is just exposed to deionized water.
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DISCUSSION OF RESULTS
4.1 3µm IR Experiment
0
5
10
15
20
25
30
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3
m
V
wavelength (µm)
in air
in water
Figure 4.1. Absorption Spectrum of Straight 39cm 75µm Fiber In Air and Water
Comparison of the bottom curves in figures 4.1 and 4.2 clearly shows that there is
more absorption with the coiled fiber. Figure 4.3 show a plot of the logarithms of the
ratios of the in-air to in-water spectra from figures 4.1 and 4.2. Inspection of figure
4.3 indicates that coiling the fiber does in fact increase sensitivity. The data become
noisy near three microns because there is so much absorption that the transmitted
light is buried in ambient infrared noise; thus the baseline of the in-water spectra is
not zero. Considering only the portions of the spectrum to the left of 2.8µm and to
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Figure 4.2. Absorption Spectrum of Two Turns of R = 1cm 75 µm Fiber
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Figure 4.4. Absorption of Water In The Near IR (after Hale & Querry)
the right of 3.1µm in figure 4.3, it is safe to say that coiling two turns (R = 1cm)
has more than doubled the evanescent absorption from a straight fiber. It was due
to this difficulty that the 1.9 micron peak was chosen for measurements in the next
experiment. Although, figure 2.1 is only an estimate of the evanescent absorption of
a bent fiber, it is nevertheless encouraging that the evanescent absorption coefficients
plotted for some wavelengths in figure 4.3 exceeds those of figure 2.1.
The absorption spectrum shown in Fig. 4.3 appears to be skewed slightly to
the right, with the peak being a little bit beyond 3 microns, rather than at 2.95
microns as expected based on the data of Hale and Querry plotted below in figure
4.4.[17] This may be due to anomalous dispersion associated with the 3µm band; the
refractive index is higher to the red of the resonance, leading to a smaller difference
from that of sapphire.
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Figure 4.7. f(g) (Eq. 13 of Payne & Hale) compared to D2O data & Beer’s Law
4.2 1.9µm IR Experiment
Figure 4.5 shows that there is good reproducibility of the absorption spectrum; it
would be impossible to make any meaningful calculation of γ if there were drift in the
detector system while measurements are being taken. The spectra from which the
points shown in figure 4.6 were calculated are included in appendix A. The ratio of
the curves used to calculate the points in Fig. 4.6 was computed at 2.8µm because the
absorption was very strong at this wavelength. From figure 4.6, it appears that the
evanescent absorption as a function of concentration is linear up to at least γL = 3.5
for eight loops of 60µm sapphire fiber coiled to a radius of 0.5cm. As shown in figure
4.8, the relationship between the number of turns and the evanescent absorption at
1.85 µm is also linear up to eight loops.
Fig. 4.7 shows much better agreement between my experimental data and Eq.
13 of Payne & Hale (Eq. 2.15 in this paper) than with Beer’s Law. Beer’s Law
overestimates the absorption of the H2O in D2O by over ten orders of magnitude.
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Figure 4.8. ln Iair/Iwater vs. number of loops at 1.85µm
As concentration increases, Beer’s Law completely diverges from the experimental
data. However, Eq. 2.15 is within several orders of magnitude of the experimental
data.
It should be noted that the signal-to-noise ratio in the measurements used to
produce figure 4.6 was far from ideal, the peak-to-peak noise amplitude approaching
half the signal in some of the measurements. In calculating the ratio of the signals,
the noise was considered random so that the signal amplitude was measured from
the center of each trace.
4.3 Methylene Blue Adsorption Experiment
Figure 4.9 is a plot of the power of light transmitted through a 75µm straight
fiber with 8cm exposed to fluid in the cuvette. Up to 2100 seconds, deionized water
is just sitting in the cuvette. 50mL of 60 µM dye is introduced, which flushes out
the water. At 3000 seconds, filtered tap water is allowed to flow through the cuvette
at a rate of 0.31 mL per second.
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Figure 4.9. Response of straight fiber in Methylene Blue. One sample equals one
second.
Due to the slow mixing rate, the curve in Fig. 4.9 bends over shortly after the
dye is introduced. In other words, the initial, precipitous drop when the dye is
introduced (2100 seconds) slowly levels off as the dye and water mix in the cuvette.
Similarly, when the cuvette is flushed, there is a rapid increase in power and then a
slow approach to the pre-exposure power level. There was no visible blue staining
of the fiber, suggesting that there was little, if any, persistent adsorption of dye
molecules to the fiber surface.
Fig. 4.10 shows the variation of evanescent absorption with dye concentration.
The data were obtained using a sapphire fiber of radius 60 microns. The upper curve
shows measurements made with 1.5 turns of radius 0.5cm. The lower curve shows
measurements made with half a turn of radius 2.5cm. The data in both graphs were
obtained using the apparatus shown in Fig. 3.5.
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Figure 4.10. Evanescent Absorption vs. Concentration for coiled and bent 60 µm
fiber
It is clear that the coiled fiber is more sensitive than the bent fiber, but there is
disagreement in the literature as to whether the deviation from linearity in Fig. 4.10
is due to adsorption of the dye molecules to the fiber or the result of rejection of high-
order modes with increasing dye concentration.[17] [18] [9] [10][11] Since the index of
refraction of the fluid increases with dye concentration, this reduces the numerical
aperture
√
n2core − n2fluid of the sensing region. A narrower acceptance cone admits
fewer high order modes into the sensing region, which reduces sensitivity. With silica
fiber (n ≈ 1.4) this effect may be significant, but, on account of the large difference
in index of refraction between water (n ≈ 1.3) and sapphire (n ≈ 1.7), this reduction
in numerical aperture is negligible for sapphire fibers.
A more plausible explanation is the non-uniform distribution of power in the
modes; as shown in Fig. 4.11, there is good agreement between experiment and Eq.
13 of Payne & Hale. Another factor that contributes to the non-linearity is that the
high-order modes are not reaching the detector after leaving the sensing region, but
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Figure 4.11. f(g) (Eq. 13 of Payne & Hale) compared to experiment
are being scattered out of the fiber altogether due to the hexagonal cross-section and
the many irregularities in the sapphire fiber.
Figure 4.11 compares experimental measurement of the absorbance(ln Pout/Pin)
of a straight 75µm radius fiber with a sensing region of 8cm with equation 13 of
reference [15]. The numerical integration was done using Maple 10. The data in
table 4.1 were obtained using a straight 75 µm fiber in the apparatus described
in Fig. 3.4 and plotted in Fig. 4.11. The absorbance is larger than predicted by
equation 2.15. This is perhaps due to micro bends in the fiber converting low to
higher order modes. Once again, it should be pointed out that all of the calculations
assume that the cross-section of the fiber is circular and that the fiber is free from
defects, but sapphire fibers are hexagonal in cross-section. This hexagonal cross-
section will clearly cause the guided ray to strike the fiber surface at different angles,
causing mode conversion. This is to be contrasted with the experimental results of
Degrandpre & Burgess[19], shown below in figure 4.12, whose silica-fiber data show
less absorbance than predicted by equation 2.15.
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Figure 4.12. f(g) (Eq. 13 of Payne & Hale) compared to Degrandpre & Burgess’ Data
conc. µm g = 2cl
V log10 e
Pout/Pin
5 0.0159 0.939
10 0.0319 0.906
20 0.0638 0.888
40 0.128 0.830
60 0.192 0.796
80 0.256 0.779
100 0.319 0.771
120 0.383 0.750
140 0.447 0.749
160 0.510 0.738
200 0.638 0.729
Table 4.1. Attenuation Data (compared with theory in figure 4.11)
32
CHAPTER 5
CONCLUSION
Coiling sapphire fibers clearly enhances evanescent absorption, suggesting they
are ideal for chemical sensing applications in the near-IR (1-4µm). This range of
wavelengths corresponds to overtone and combination bands of a large number of
molecules. In the first experiment, it was discovered that coiling more than doubled
the sensitivity of the fiber as compared to a straight fiber of the same length(Figure
4.3). Due to the researcher’s inability to bend sapphire fibers to radii smaller than
0.5cm without breaking the fiber, it was not possible to explore the increase in
evanescent absorption with smaller radius coils. If a reliable, cost-effective method
can be found to create smaller fiber coils, the calculations in figure 2.4 show that it
will be possible to greatly enhance the sensitivity, possibly by more than an order
of magnitude. Gupta et al. have bent unclad silica fibers to very small radii, ≈
0.1cm, by heating the fiber with a burner and then examining the bend under a
microscope.[10] Perhaps their method can be adapted to manufacture coiled sapphire
fibers of a few turns. More experimental work is needed in this area.
The evanescent absorption with the fiber placed in H2O/D2O solution was found
to vary linearly with the number of loops (Figure 4.8). In addition, there was a
linear relationship between the concentration of deionized water in heavy water and
evanescent absorption (Figure 4.6). It was also discovered that the theoretical ex-
pression developed by Payne & Hale (Eq. 2.15) agreed with experimental data much
more closely than Beer’s Law. While these results are encouraging, it is necessary to
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explore higher concentrations to determine whether there is deviation from linearity
and to further test Eq. 2.15.
In examining the effect of the adsorption of methylene blue dye to the sapphire
fiber, it was observed that there was 0.2% cm−1 absorption independent of concen-
tration up to about 100 µM. This is likely due to adsorption of dye molecules on the
surface of the fiber. At higher concentrations, the absorption due to dye molecules
in solution begins to dominate.
In flushing the cuvette Fig. 4.9 the bends are most probably due to the time
required for the dye and water to mix, rather than from any persistent dye adsorption
to the sapphire fiber. Since methylene blue dye has been reported to adsorb to silica
fiber, sapphire fiber is less susceptible to dye adsorption than silica fiber.
Equation 2.15, as well as equation 2.4, were derived under the assumption that
the fiber is uniform, lacking micro-bends or other irregularities, and circular in cross
section. As has been discussed above, neither of these assumptions holds for a sap-
phire fiber and this is very likely the reason the sapphire fiber shows more attenuation
than predicted by equation 2.15. Further research is required to derive an expression
analogous to equation 2.15 that takes into account the hexagonal cross-section of
sapphire fibers and micro-bends.
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Appendix A Data for figure 4.6
These absorption spectra were used to calculate the data points shown in figure
4.6. The ratios of the top curve to the bottom curve was computed at 2.4µm and
2.8µm. Then the ratio at 2.8µm was divided by the ratio at 2.4µm and the natural
logarithm taken.
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Figure A.1. 99.6 % D2O & 99.8% D2O (reference)
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Figure A.2. 99.1 % D2O & 99.8 % D2O (reference)
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Appendix B Data for figure 4.8
The following absorption spectra were used to compute the points on the graph
of evanescent absorption vs. number of loops shown in figure 4.8. Each point was
computed from the log of the ratio of the in-air spectrum to the in-water spectrum
at 1.85µm.
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Figure B.1. ATR spectrum: 2 loops, R=0.5cm
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Figure B.2. ATR spectrum: 4 loops, R=0.5cm
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Figure B.3. ATR spectrum: 6 loops, R=0.5cm
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Figure B.4. ATR spectrum: 8 loops, R=0.5cm
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Appendix C Programs for SR510 Lockin Amplifier
The easiest way to experiment with the SR510 is to use a terminal emulator
program such as HyperTerm in windows operating systems or, preferably, Minicom
in Linux. Simply connect the PC’s serial port to the lock-in, make sure the terminal
emulator is configured to match the dip switch settings on the back of the lock-in, and
start typing commands. See the SR510 documentation for the complete command
set, but try typing Q and P to Query the output voltage and the Phase, respectively.
The SR510 waits for carriage returns, but your PC/terminal may be using hardware
flow-control. Use queryserial2.c to toggle serial lines to get things working.
The programs below only send the query ”Q” command to the lock-in and record
the time elapsed, monochromator wavelength, and voltage in a file. The slope and
intercept from the monochromator calibration line (see appendix D) are needed to
calculate the wavelength from the elapsed time. (The programs log the elapsed time
to file for debugging.)
C.1 DOS and QBASIC
N. B. do not run this program in the basic interpreter. The QBASIC interpreter
cannot tell time properly. The program must be compiled as a DOS executable file.
REM a s imple program that r e p l a c e s a chart r e co rde r .
REM i t l o g s time and vo l tage r ead ings from SR510 l o ck i n
REM in a f i l e c r ea t ed at run time .
REM be sure to record monochrometer r ead ing s at s t a r t and f i n i s h !
REM input s t a r t wavelength in nm!
PRINT ” ente r the output f i l ename ”
INPUT da t a f i l e $
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OPEN da t a f i l e $ FOR OUTPUT AS #2
REM Make sure s e t t i n g s on the next l i n e match the lock−in
OPEN ”com1 :9600 , n , 8 , 1 ” FOR RANDOM AS #1
PRINT ” s t a r t i n g f requency in nm as read from monochromator : ”
INPUT waveln
startTime = TIMER
b$ = INKEY$
WHILE NOT (UCASE$(b$ ) = ”Q” )
PRINT #1 , ”Q”
SLEEP 1
INPUT #1 , x
b$ = INKEY$
WHILE NOT INKEY$ = ””
WEND
IF b$ = ” ” THEN
y = 1
ELSE
y = 0
END IF
REM Magic numbers below are from monochromator c a l l i b r a t i o n .
PRINT TIMER − startTime , ( ( ( waveln ∗ 3 . 9 5 + 34 ) / 1000 )
+ .000590779# ∗ (TIMER − startTime ) ) , x
PRINT #2 , TIMER − startTime , ( ( ( waveln ∗ 3 . 9 5 + 34 ) / 1000 )
+ .000590779# ∗ (TIMER − startTime ) ) , x
WEND
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CLOSE #1
CLOSE #2
C.2 Linux and BASH
The BASH script wrap2.sh calls setSerialSignal and queryserial2 to communicate
with the serial port/lockin. These programs are messy but they get the job done. I
wrote the shell script and the two open source C-programs were downloaded from
the websites included in the source files below and were slightly modified to cope
with serial hardware quirks of the SR510 and my laptop (IBM Thinkpad T22.)
C.2.1 setSerialSignal.c
/∗
∗ The original location of this source is
∗ http://www.embeddedlinuxinterfacing.com/chapters/06/setSerialSignal.c
∗ This program is free software; you can redistribute it and/or modify
∗ it under the terms of the GNU Library General Public License as
∗ published by the Free Software Foundation; either version 2 of the
∗ License, or (at your option) any later version.
∗ This program is distributed in the hope that it will be
∗ useful, but
∗ WITHOUT ANY WARRANTY; without even the implied warranty of
∗ MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
∗ GNU Library General Public License for more details.
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∗/
#include <sys/ioctl.h>
#include <fcntl.h>
#include <termios.h>
/∗ we need a termios structure to clear the HUPCL bit ∗/
struct termios tio;
int main(int argc, char ∗argv[])
{
int fd;
int status;
if (argc != 4)
{
printf(”Usage: setSerialSignal port DTR RTS\n”);
printf(”Usage: setSerialSignal /dev/ttyS0|/dev/ttyS1 0|1 0|1\n”);
exit( 1 );
}
if ((fd = open(argv[1],O RDWR)) < 0)
{
printf(”Couldn’t open %s\n”,argv[1]);
exit(1);
}
tcgetattr(fd, &tio); /∗ get the termio information ∗/
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tio.c cflag &= ˜HUPCL; /∗ clear the HUPCL bit ∗/
tcsetattr(fd, TCSANOW, &tio); /∗ set the termio information ∗/
ioctl(fd, TIOCMGET, &status); /∗ get the serial port status ∗/
if ( argv[2][0] == ’1’ ) /∗ set the DTR line ∗/
status &= ˜TIOCM DTR;
else
status |= TIOCM DTR;
if ( argv[3][0] == ’1’ ) /∗ set the RTS line ∗/
status &= ˜TIOCM RTS;
else
status |= TIOCM RTS;
ioctl(fd, TIOCMSET, &status); /∗ set the serial port status ∗/
close(fd); /∗ close the device file ∗/
}
C.2.2 queryserial2.c
/∗
∗ The original location of this source is
∗ http://www.embeddedlinuxinterfacing.com/chapters/06/querySerial.c
∗ Copyright (C) 2001 by Craig Hollabaugh
∗ This program is free software; you can redistribute it and/or modify
∗ it under the terms of the GNU Library General Public License as
∗ published by the Free Software Foundation; either version 2 of the
∗ License, or (at your option) any later version.
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∗
∗ This program is distributed in the hope that it will be useful, but
∗ WITHOUT ANY WARRANTY; without even the implied warranty of
∗ MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.
∗ See the GNU Library General Public License for more details.
∗/
/∗ querySerial
∗ querySerial provides bash scripts with serial communications. This
∗ program sends a query out a serial port and waits a specific amount
∗ of time then returns all the characters received. The command line
∗ parameters allow the user to select the serial port, select the
∗ baud rate, select the timeout and the serial command to send.
∗ A simple hash function converts the baud rate
∗ command line parameter into an integer. ∗/
#include <stdio.h>
#include <sys/ioctl.h>
#include <fcntl.h>
#include <termios.h>
#include <stdlib.h>
/∗ These are the hash definitions ∗/
#define USERBAUD1200 ’1’+’2’
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#define USERBAUD2400 ’2’+’4’
#define USERBAUD9600 ’9’+’6’
#define USERBAUD1920 ’1’+’9’
#define USERBAUD3840 ’3’+’8’
struct termios tio;
int main(int argc, char ∗argv[])
{
int fd, status, whichBaud, result;
long baud;
char buffer[255];
int i;
for (i=0; i<256; i++){
buffer[i]=0;
}
if (argc != 5)
{
printf(”Usage: querySerial port speed timeout(mS) command\n”);
exit( 1 );
}
/∗ compute which baud rate the user wants using a simple adding
∗ hash function
∗/
whichBaud = argv[2][0] + argv[2][1];
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switch (whichBaud) {
case USERBAUD1200:
baud = B1200;
break;
case USERBAUD2400:
baud = B2400;
break;
case USERBAUD9600:
baud = B9600;
break;
case USERBAUD1920:
baud = B19200;
break;
case USERBAUD3840:
baud = B38400;
break;
default:
printf(”Baud rate %s is not supported, ”);
printf(”use 1200, 2400, 9600, 19200 or 38400.\n”, argv[2]);
exit(1);
break;
}
/∗ open the serial port device file
∗ O NDELAY − tells port to operate and ignore the DCD line
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∗ O NOCTTY − this process is not to become the controlling
∗ process for the port. The driver will not send
∗ this process signals due to keyboard aborts, etc.
∗/
if ((fd = open(argv[1],O RDWR ))<0)//| O NOCTTY)) < 0)
{
printf(”Couldn’t open %s\n”,argv[1]);
exit(1);
}
/∗ we are not concerned about preserving the old serial port configuration
∗ CS8, 8 data bits
∗ CREAD, receiver enabled
∗ CLOCAL, don’t change the port’s owner
∗/
tio.c cflag = baud | CS8 | CREAD | CLOCAL;
tio.c cflag &= ˜HUPCL; /∗ clear the HUPCL bit, close doesn’t change DTR ∗/
tio.c lflag = 0; /∗ set input flag non−canonical, no processing ∗/
tio.c iflag = IGNPAR; /∗ ignore parity errors ∗/
tio.c oflag = 0; /∗ set output flag non−canonical, no processing ∗/
tio.c cc[VTIME] = 0; /∗ no time delay ∗/
tio.c cc[VMIN] = 0; /∗ no char delay ∗/
tcflush(fd, TCIFLUSH); /∗ flush the buffer ∗/
tcsetattr(fd, TCSANOW, &tio); /∗ set the attributes ∗/
/∗ Set up for no delay, ie non−blocking reads will occur.
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Appendix C (Continued)
When we read, we’ll get what’s in the input buffer or nothing ∗/
fcntl(fd, F SETFL, FNDELAY);
/∗ write the users command out the serial port ∗/
char temp[100];
sprintf(temp, ”%s\r”, argv[4]);
result = write(fd, temp, strlen(temp));
if (result < 0)
{
fputs(”write failed\n”, stderr);
close(fd);
exit(1);
}
/∗ wait for awhile, based on the user’s timeout value in mS∗/
usleep(atoi(argv[3]) ∗ 1000);
/∗ read the input buffer and print it ∗/
result = read(fd,buffer,255);
buffer[255] = 0; // zero terminate so printf works
printf(”%s\n”,buffer);
/∗ close the device file ∗/
close(fd);
}
C.2.3 wrap2.sh
#!/bin/sh
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Appendix C (Continued)
# simple script to log time and voltage from SR510 lock in
# serial interface
starttime=‘date +%s‘
startfreq=375
# Toggle some lines to get port going
./setserial /dev/ttyS0 1 0
./setserial /dev/ttyS0 1 1
echo ”Start time: ‘date‘” >data.log
echo ”Phase: ” ‘./queryserial2 /dev/ttyS0 9600 1000 P |tr ’\r’ ’\n’‘ >>data.log
while true ; do
elapsed=$((‘date +%s‘ − $starttime))
lambda=‘echo ”($startfreq∗3.9+4)/1000+0.000590779∗$elapsed” |bc −l‘
echo $lambda ” ” \
‘./queryserial2 /dev/ttyS0 9600 1000 Q | tr ’\r’ ’\n’‘ >>data.log
done
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Appendix D Oriel 77250 Monochromator Calibration and Use
The monochromator was calibrated using a Helium-Neon laser and a Newport
835 Optical Power Meter. The laser was aimed into one slit of the monochromator
and the power meter was placed at the other slit, having been set to detect 630nm
light. The monochromator was manually cranked to find the 1st, 2nd, etc. order
peaks and the dial reading of each peak was recorded. Since each peak occurs at an
integer multiple of the fundamental laser wavelength, the frequency is just the order
times 632.8nm. The equation of the calibration line was found using Mathematica.
order wavelength (nm) dial
1 632.8 152
2 1265.6 311.5
3 1898.4 471.5
4 2531.2 629.8
5 3164.0 790.5
6 3796.8 953.2
Table D.1. Monochromator Calibration Data
400 600 800
1000
1500
2000
2500
3000
3500
Figure D.1. Wavelength(nm) vs. Monochromator Dial (0-999)
λ = 3.95(dial) + 34.48 (D.1)
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Appendix D (Continued)
The monochromator has a small motor which turns the grating. A stopwatch was
used to measure the rate at which the grating turns. That’s it. There isn’t even an
on/off switch. (If one is needed, try using a powerstrip.) It is the responsibility of
the investigator to synchronize the monochromator with a timer.
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